Semiconductor gas sensors based on metal oxide are widely used in a number of applications, from health and safety to energy efficiency and emission control. Nanomaterials including nanowires, nanorods, and nanoparticles have dominated the research focus in this field owing to their large number of surface sites that facilitate surface reactions. Recently, metal oxide hollow structures using soft templates have been developed owing to their high sensing properties with large-area uniformity. Here, we provide a brief overview of metal oxide hollow structures and their gas-sensing properties from the aspects of template size, morphology, and additives. In addition, a gassensing mechanism and perspectives are presented.
INTRODUCTION
The functional convergence of the Internet with radio frequency identification, sensors, and smart objects led to the era of the Internet of Things (IoT), which supplies and accesses all realworld information [1] . Sensor technology is the most important factor in IoT because sensors offer enormous amounts of information for many types of environment. Accordingly, various sensors such as gas, pressure, illumination, tilt, temperature, and motion sensors have been heavily studied to more precisely measure and monitor changes in environments [2] . In particular, diverse applications of the gas sensor in broad fields including the detection of air pollutants and gaseous hazards, homeland security, medical diagnosis, and fuel combustion control have accelerated studies for high-performance gas sensors [3] [4] [5] [6] [7] .
Gas sensors for applications in the IoT should meet special requirements such as low cost, miniaturized size, ease of integration with electronic circuits, and high sensing performance [8] . Various gas sensors including optical, electrochemical, surface acoustic wave, and semiconductor metal oxide sensors have been extensively studied to fulfill the needs of the IoT [9] . In particular, owing to their simplicity in operation, low cost, flexibility in production, small size, and easy integration with electronic circuits, semiconductor gas sensors based on metal oxides are very promising as sensing elements for IoT [10] [11] [12] .
Generally, the gas-sensing properties of metal oxide are determined by three basic factors: utility factor, transducer function, and receptor function [13] . The first factor is related to gas diffusion (porous structure), and the second factor is related to the mechanism of electron transport between adjacent crystals (neck control). The receptor function is related to the ability of the oxide surface to interact with target gases (metal additives and decoration). Over the past decade, metal oxide nanostructures such as nanoparticles, nanowires, nanotubes, and nanofibers with metal catalysts have significantly improved the three basic factors, leading to high-performance gas sensors [14] . However, since these nanostructures are commonly synthesized using wet chemical methods or transfer methods, developing versatile and reproducible fabrication processes has remained a challenge [15] .
An alternative method for achieving highly sensitive metal oxide gas sensors is a soft-template method consisting of polymer microspheres, which is effective in fabricating long-range ordered submicron hollow structures of various metal oxides [16, 17] . In spite of their potential advantages, no review focused on the gassensing properties of metal oxide nanostructures fabricated by the soft-template method has been published to the best of the author's knowledge. In this paper, the authors present an overview of past developments to understand the current progress in gassensing using hollow structures by a soft-template method. This review focuses on the preparation and principal parameters to enhance the gas-sensing properties of hollow structures. thin-film gas sensors to 50-ppm and 500-ppm CO gases at 300ºC. The resistance was measured at a dc bias of 1 V (adapted from [18] ). 
STRATEGY TO ENHANCE GAS-SENSING PROPERTIES OF HOLLOW STRUCTURES

Preparation of Soft Template for Metal Oxide Hollow Structures
Metal Decoration on Metal Oxide Hollow Structures
The present author and coworkers prepared WO were cut, some were cut in the middle and some were not, leading to different sizes in the cross-sectional views. Fig. 3(a-c) show that the inner sides of WO nanoigloos. However, metal nanoparticles are formed only on the outer (top) surface of metal oxide hollow structures. Therefore, both the outer and inner surface could not be utilized for metal decoration to further enhance the gas-sensing properties. Hence, a new method is necessary for enabling better gas-sensing properties.
More recently, to overcome the aforementioned limitations, the present author and coworkers presented an effective strategy for utilizing metal decoration on both the inner and outer surfaces of hollow structures [22] . The fabrication procedure of a both-side Au-decorated close-packed SnO 
Gas-Sensing Mechanism of Metal-Decorated Hollow Structures
It is apparent that Au decoration enhances the gas-sensing properties of SnO 2 nanodome arrays owing to two sensitizations such as electronic and chemical sensitizations [22] . The underlying mechanism for the enhancement of response by bothside Au decoration is described with schematics in Fig. 7 When the SnO 2 nanodome arrays were exposed to air, the outer surface was more electron-depleted owing to oxygen adsorption. 
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Young-Seok Shim and Ho Won Jang Gas diffusion to the inner surface of the nanodomes hardly occurs; this was already shown in our previous study [21] . However, the insides of the SnO 2 nanodomes could be more electron depleted by Au decoration for the inside Au-decorated SnO 2 nanodome arrays. Although the outside Au-decorated sample has a thicker depletion layer on the outer surface, the total thickness of the depletion layers on both the outer and inner surfaces would be larger in the inside Au-decorated sample, resulting in a higher response. In this respect, the total thickness of the depletion layers on both the outer and inner surfaces should be the largest in the both-side decorated sample, undoubtedly leading to an ultrahigh response to various gases. In other words, the both-side decoration leads to the maximized electronic sensitization effect in the given geometric configuration.
CONCLUSIONS AND PERSPECTIVES
Although gas sensors based on metal oxide nanostructures have been widely used in many fields owing to their large surface-tovolume ratio, there are still problems with uniformity and compatibility in well-established production processes [23, 24] . In this article, metal oxide hollow structures using a soft template, which is a facile and effective method to form highly ordered nanostructures, were reviewed.
The gas-sensing properties of a metal oxide hollow structure can be easily enhanced by changing the size and shape of the soft templates. In addition, surface modifications on both the outer and inner sides of metal oxide hollow structures maximize the three basic factors (receptor function, transducer function, and utility factor).
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